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SUMMARY

Photosynthetic organisms have evolved numerous photoprotective mechanisms and alternative electron

sinks/pathways to fine-tune the photosynthetic apparatus under dynamic environmental conditions, such

as varying carbon supply or fluctuations in light intensity. In cyanobacteria flavodiiron proteins (FDPs) pro-

tect the photosynthetic apparatus from photodamage under fluctuating light (FL). In Arabidopsis thaliana,

which does not possess FDPs, the PGR5-related pathway enables FL photoprotection. The direct compar-

ison of the pgr5, pgrl1 and flv knockout mutants of Chlamydomonas reinhardtii grown under ambient air

demonstrates that all three proteins contribute to the survival of cells under FL, but to varying extents. The

FDPs are crucial in providing a rapid electron sink, with flv mutant lines unable to survive even mild FL con-

ditions. In contrast, the PGRL1 and PGR5-related pathways operate over relatively slower and longer time-

scales. Whilst deletion of PGR5 inhibits growth under mild FL, the pgrl1 mutant line is only impacted under

severe FL conditions. This suggests distinct roles, yet a close relationship, between the function of PGR5,

PGRL1 and FDP proteins in photoprotection.
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INTRODUCTION

During oxygenic photosynthesis, light-harvesting antenna

complexes absorb and transfer light energy to Photosys-

tem II (PSII) and Photosystem I (PSI). These photosystems

function in series to drive electrons originating from water

splitting at the PSII donor-side to reduce ferredoxin (Fd)

and NADP+ at the PSI acceptor-side in a chain of reactions

called linear electron transport (LET). The two photosys-

tems are interconnected via cytochrome b6f (Cyt b6f) com-

plex and plastocyanin, a small soluble protein. The LET is

coupled with proton translocation across the thylakoid

membrane, and the resulting proton motive force (pmf)

drives ATP synthesis. NADPH and ATP, produced by

photosynthesis, are used to power carbon fixation and

other metabolic pathways.

Photosynthetic organisms have developed several

photoprotective mechanisms and alternative electron

transport pathways to maintain optimal redox poise of the

photosynthetic apparatus and to fine-tune the NADPH/ATP

ratio under different environmental conditions (Peltier

et al., 2010; Cardol et al., 2011; Allahverdiyeva et al.,

2015a). Cyclic electron transport (CET) around PSI con-

tributes to pmf formation and therefore also to ATP

synthesis without additional NADPH formation (Shikanai,

2014; Finazzi and Johnson, 2016; Shikanai and Yamamoto,

2017). In Chlamydomonas reinhardtii, two CET pathways

around PSI are suggested: firstly, the NADPH-dependent

pathway involving type II NAD(P)H-dehydrogenase (NDA2),

which recycles electrons from PSI into the intersystem

chain via NADPH (Jans et al., 2008); and secondly, the Fd-

dependent pathway, which is mediated by two proteins:

PROTON GRADIENT REGULATION 5 (PGR5) and PGR5-

LIKE PHOTOSYNTHETIC PHENOTYPE 1 (PGRL1) (for

review, see Alric, 2010, 2014). PGR5 is a small thylakoid

protein without a specific sequence motif that could pre-

dict any participation in electron transport. However, PGR5

in Arabidopsis thaliana was proposed to be involved in

CET around PSI, thus also preventing the acceptor-side of

PSI from over-reduction (Munekage et al., 2002). It was

later shown that, under fluctuating light (FL), PGR5 is

essential (Tikkanen et al., 2010) for the photoprotection of

PSI by the limitation of LET via photosynthetic control at

the level of Cyt b6f in A. thaliana (Suorsa et al., 2012).

Moreover, PGRL1 and PGR5 exhibited similar expression

patterns and are proposed to be in the same CET pathway
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(DalCorso et al., 2008; Hertle et al., 2013). PGRL1 has two

transmembrane domains with both the N- and C-termini of

the mature protein exposed to the stroma (DalCorso et al.,

2008). It has been proposed that PGRL1 has the capacity to

accept electrons from Fd and reduce quinones, and that

PGR5 can interact with PGRL1, therefore suggesting that

PGR5/PGRL1 is the ferredoxin-plastoquinone reductase,

FQR (Hertle et al., 2013). In C. reinhardtii it was shown that,

under anoxic conditions, a super-complex of PGRL1, PSI-

LHCI-LHCII, Fd, the Fd-NADP+-oxidoreductase (FNR) and

Cyt b6f (Iwai et al., 2010; Takahashi et al., 2013) as well as

the Ca2+ sensor protein (CAS) and anaerobic response 1

(ANR1) is formed and promotes CET (Terashima et al.,

2012). The absence of PGR5 in this PSI/Cyt b6f CET

super-complex (Iwai et al., 2010; Terashima et al., 2012;

Takahashi et al., 2013) has been attributed to its lower

expression level. Nevertheless, it has been proposed that

PGR5 is involved in CET around PSI in C. reinhardtii

(Johnson et al., 2014) similar to PGRL1 (Petroutsos et al.,

2009; Tolleter et al., 2011; Dang et al., 2014). In oxic

conditions, a high-molecular-mass complex harbouring

PGRL1, PETO and FNR, but lacking both PSI and Cyt b6f,

was suggested to act as a pre-complex for the CET super-

complex (Takahashi et al., 2013).

In C. reinhardtii the flavodiiron proteins (FDPs) FLVA and

FLVB have been proposed as additional components of the

photosynthetic electron transport chain, also functioning

on the acceptor-side of PSI (Dang et al., 2014; Allahver-

diyeva et al., 2015b; Jokel et al., 2015; Chaux et al., 2017a)

and presumably using NAD(P)H as electron donor to

reduce O2 to water (Vicente et al., 2002). FDPs in photosyn-

thetic organisms consist of three distinct domains, an N-

terminal b-lactamase-like domain (Fe-Fe), a flavodoxin-like

domain (FMN) and a C-terminal NAD(P)H-flavin reductase-

like domain (Flv). The Fe-Fe and FMN domains form the

conservative core domain of FDPs, and are also found in

FDPs from archaea and anaerobic bacteria where they are

involved in the reduction of O2 or NO. In contrast, the Flv

domain is only found in FDPs from oxygenic photosyn-

thetic organisms (Wasserfallen et al., 1998). Previous stud-

ies in cyanobacteria showed that Flv1 and Flv3 proteins

catalyse the light-dependent reduction of O2 to water (Hel-

man et al., 2003) without reactive oxygen species (ROS)

production (Vicente et al., 2002). This process, also called

the Mehler-like reaction, protects PSI from rapid changes

in light intensity, thus enabling the growth of Synechocys-

tis sp. PCC6803 and Anabaena sp. PCC7120 (hereafter

Synechocystis and Anabaena, respectively) under FL

(Allahverdiyeva et al., 2013). Another cyanobacterial FDP

heterodimer, encoded by the flv4-2 operon, has been

shown to be active in the photoprotection of PSII (Zhang

et al., 2009; Bersanini et al., 2014, 2017). Genes encoding

proteins with high homology to cyanobacterial Flv1 and

Flv3 are present in non-vascular plants and in

gymnosperms, but were lost during evolution in flowering

plants (Allahverdiyeva et al., 2015b; Il�ık et al., 2017). The

crucial role of FDPs as a rapidly functioning electron sink

has also been demonstrated in recent studies of the moss

Physcomitrella patens, during exposure to FL (Gerotto

et al., 2016), and in the liverwort Marchantia polymorpha,

at the onset of light exposure (Shimakawa et al., 2017).

The latest research by Chaux et al. (2017a) confirmed this

important function of FDPs also in C. reinhardtii. Addition-

ally, it has been shown that P. patens FDPs are able to

function also in A. thaliana and rice, and that they can par-

tially compensate for the loss of PGR5 (Yamamoto et al.,

2016; Wada et al., 2018).

Recent works in A. thaliana lacking FDPs has provided

valuable information about the important role of PGR5 in

vascular plants under FL intensities (Tikkanen et al., 2010;

Suorsa et al., 2012) and about the indispensable role of

FDPs in cyanobacteria, which do not hold a homologous

gene for pgrl1, but do possess a gene encoding a PGR5-like

protein with a very low sequence similarity (50%) with the

one in A. thaliana (Yeremenko et al., 2005; Allahverdiyeva

et al., 2015b). To evaluate the degree of importance of the

FDP and the PGR5/PGRL1-mediated electron transport path-

ways under FL conditions, we performed comparative stud-

ies on the respective knockout mutants in the model

photosynthetic green alga C. reinhardtii, which naturally

possesses all three protein types (PGR5, PGRL1 and FDPs).

We conclude that all three proteins contribute to the sur-

vival of cells under FL, but to varying extents. In particular,

the FDP-mediated pathway in C. reinhardtii is indispensable

for coping with sudden increases in light intensity.

RESULTS

Growth phenotype

For the comparative analysis of the impact of the absence

of PGR5, PGRL1 or FDPs on the survival of C. reinhardtii

under FL intensities, photoautotrophically grown wild-type

(wt) and the respective single mutants were exposed to dif-

ferent FL regimes. The pgr5 mutant demonstrated strongly

impaired growth during mild FL (FL 20/200), while pgrl1

was not affected under such illumination conditions (Fig-

ure 1). Importantly, the complementation of PGR5 (pgr5 c1)

restored the wt 137c phenotype (Figure 1a), confirming that

the impaired growth of the pgr5 mutant was due to the

absence of PGR5. The pgrl1 mutant showed impaired

growth as compared with the wt 137c only under the most

severe FL (FL 20/600) condition (Figure 1b). Under this con-

dition, the pgr5 mutant was unable to grow (Figure 1b).

The sensitivity of the pgrl1 mutant to severe FL condi-

tions is in accordance with a previous study (Dang et al.,

2014). Importantly, the growth pattern of the pgr5 and

pgrl1 mutants under various continuous irradiance condi-

tions [constant light (CL) 20, high-light (HL) 200 or HL
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600 lmol photons m�2 sec�1] did not significantly differ

from the parental wt 137c (Figure S1).

Next, the impact of the flv knockout on the growth per-

formance of the cells was evaluated. The flv mutants were

verified with polymerase chain reaction and immunoblot

analysis (Figure S2). The insertion of the paromomycin

resistance cassette into the flvB gene resulted not only in

elimination of FLVB but also in the loss of FLVA, probably

due to degradation and/or post-translational modifications.

We selected flv 208 and flv 321 as the mutant lines missing

both FDPs for further analysis. The flv 208 and flv 321

mutants died even under mild FL conditions (FL 20/200),

thus demonstrating the most drastic phenotype of all stud-

ied mutants (Figure 1a and b). No significant differences

were observed in the growth pattern of the flv mutants

under constant illumination (CL 20 and CL 200) compared

with the parental wt cc-4533 cells (Figure S1a and b).

Strong growth retardation of the flvB mutant line under FL

conditions was recently observed on solid agar (Chaux

et al., 2017a).

Functional status of the photosynthetic apparatus of the

pgr5 and pgrl1 mutants

The photosynthetic activity of C. reinhardtii wt 137c, pgr5

and pgrl1 cultures grown at FL 20/200 for 7 days was

assessed by Chl a fluorescence and P700 analysis using

fluctuating actinic light provided by a DUAL-PAM-100. The

pgr5 mutant demonstrated a significantly lower effective

yield of PSII, Y(II), (~0.45) even during the low-light (LL;

20 lmol photons m�2 sec�1) phase, as compared with wt

137c or the pgrl1 mutant (both ~0.7; Figure 2a). During the

HL phase, Y(II) decreased in wt 137c and pgrl1 (to ~0.35 for

both), but the most drastic decrease in Y(II) was observed

in pgr5 (to <0.15). Similarly, the effective yield of PSI, Y(I),

was lower in pgr5 cells already under the LL phase (~0.6)
as compared with wt 137c or pgrl1 (>0.75 both; Figure 2b).

Upon application of the HL phase, Y(I) decreased to a

much lower level (<0.1) in the pgr5 cells compared with wt

137c and pgrl1 (~0.2 for both). Interestingly, the PSI yield

significantly increased in the wt 137c within 20 sec after

the onset of the HL (~0.4, see the 2nd SP during the HL

phase).

Unlike wt 137c cells, pgr5 mutant cells could not gener-

ate donor-side limitation of PSI, Y(ND), during the short HL

phase of the FL (Figure 2c). The pgrl1 mutant did demon-

strate a small Y(ND) during the first HL phase, and the dif-

ference between its Y(ND) and that of wt 137c cells

became smaller with each HL phase, whereby reaching

about half of the Y(ND) level of wt 137c at the third HL

phase (~0.1 and ~0.2, respectively). Concomitantly the

Figure 1. Growth phenotype of Chlamydomonas reinhardtii wild-type (wt) (137c), pgr5, pgrl1 mutant, pgr5 complementation (c1), wt cc-4533, flv 208 and flv 321

cultures.

(a) A photograph of liquid cultures grown under constant light (CL 20, 20 lmol photons m�2 sec�1) and fluctuating light (FL 20/200, 5 min, 20 lmol pho-

tons m�2 sec�1/30 sec, 200 lmol photons m�2 sec�1) conditions for 7 days.

(b) Growth curves of C. reinhardtii wt (137c), pgr5 and pgrl1 cells cultivated in mild FL (FL 20/200, 5 min, 20 lmol photons m�2 sec�1/30 sec, 200 lmol pho-

tons m�2 sec�1) and harsh FL (FL 20/600, 5 min, 20 lmol photons m�2 sec�1/30 sec, 600 lmol photons m�2 sec�1) conditions. The growth curves of wt cc-4533,

flv 208 and flv 321 were recorded only from mild FL 20/200 conditions. The values are the mean of four biological replicates (� SD).
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acceptor-side limitation of PSI, Y(NA), was already high

(~0.35) in pgr5 during the LL phase, and became even

higher upon application of HL (~0.9) with respect to the wt

137c cells (~0.1) and the pgrl1 mutant (~0.65; Figure 2d).

The pgrl1 cells showed an intermediate Y(NA) level (~0.6)
between the pgr5 mutant and wt 137c at both LL phase

and at each HL phase of the FL 20/200 condition.

In order to understand the mechanisms behind the sen-

sitivity to FL 20/200, we grew all mutant lines at constant

low light (CL 20), and thereafter subjected the cells to sud-

den changes in the light intensity using DUAL-PAM and

monitored simultaneously the Chl a fluorescence and P700

redox-changes. In contrast to the FL 20/200 grown cells,

the PSII yield, Y(II), was only slightly lower in the pgr5

mutant (~0.7) compared with the wt 137c or pgrl1 (both

~0.75) during the LL phase, and decreased successively

after each HL phase (Figure 3a). This demonstrated the

accumulation of excess electrons in the intersystem elec-

tron chain of the pgr5 mutant over time. During each HL

phase, Y(II) decreased in pgr5, pgrl1 and wt 137c to similar

values (~0.38). In contrast, the PSI yield, Y(I), was already

significantly compromised in pgr5 compared with wt 137c

during both the LL and HL phases (Figure 3b), presenting a

similar trend to that observed for the FL 20/200 grown

cells. However, unlike the cells grown at FL 20/200, the

pgr5 mutant cells grown under CL could induce consider-

able Y(ND), which was nearly half of the values recorded

for wt 137c and pgrl1 (Figure 3c). The acceptor-side limita-

tion of PSI, Y(NA), was high in pgr5 as compared with the

wt 137c during both the LL and HL phases (Figure 3d). The

pgrl1 cells showed similar Y(NA) as pgr5 during each LL

phase, which unexpectedly decreased to a much lower

level upon application of each HL phase.

Next we monitored non-photochemical quenching

(NPQ) formation by the wt 137c and mutant lines grown in

constant and FL. The wt 137c cells grown at CL 20 demon-

strated a much lower NPQ during the HL phase as com-

pared with the cells grown at FL 20/200 (Figure S3b). The

Figure 2. Photosynthetic activity after growth at fluctuating light (FL). The wild-type (wt) 137c, pgr5 and pgrl1 mutant cells grown under FL (FL 20/200, 5 min,

20 lmol photons m�2 sec�1/30 sec, 200 lmol photons m�2 sec�1) for 7 days were transferred to the DUAL-K25 quartz glass cuvette and subjected to sudden

changes in actinic light intensity with a Dual PAM-100.

The effective yields of Photosystem II (PSII) (a), Photosystem I (PSI) (b), PSI donor-side limitation (c) and PSI acceptor-side limitation (d) were determined simul-

taneously. The values shown here are the mean of four biological replicates (�SD).
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pgr5 mutant induced only an insignificant level of NPQ

upon application of the HL phase, whereas pgrl1 demon-

strated an intermediate level of NPQ between that of wt

137c and pgr5.

Low-temperature 77K fluorescence emission was per-

formed to analyse possible changes in state transitions in

C. reinhardtii wt 137c, pgr5 and pgrl1 lines grown at CL 20

and FL 20/200. All cells demonstrated the typical fluores-

cence emission peaks originating from PSII antenna pig-

ments at shorter wavelengths (687 and 697 nm), as well as

the longer wavelength fluorescence peak (at about

714 nm) from PSI antenna pigments. Both the pgr5 and

pgrl1 mutants grown at CL (CL 20) demonstrated a slightly

higher peak at 714 nm as compared with the wt 137c (Fig-

ure S4a). This suggests that the energy distribution

between the two photosystems was slightly altered in

favour of PSI in the pgr5 and pgrl1 cells grown under the

CL 20 condition. The increased transition to state-2 in pgrl1

has been reported in an earlier study (Dang et al., 2014).

Exposure of the cells to HL (HL 200) for 24 h induced a

relatively larger transition to state-2 in both mutants (Fig-

ure S4b). Under FL conditions, pgrl1 demonstrated a mild

state-2 phenotype, whereas the pgr5 mutant showed a

strong state-2 phenotype, similar to that observed under

HL 200 (Figure S4c). This is in line with a more reduced

redox status of PQ-pool in the pgr5 mutant compared with

wt or pgrl1 grown under FL 20/200.

Functional status of the photosynthetic apparatus of flv

mutants

The photosynthetic activity of the flv mutants was com-

pared with the parental wt cc-4533 only in CL (CL 20) grown

cells, as the flv mutants did not grow in FL 20/200 condi-

tions. As opposed to pgr5 and pgrl1 grown at CL 20, the

effective PSII yield, Y(II), was significantly lower in the flv

mutants already in the LL phase, and the difference

between wt cc-4533 and the flv mutants dramatically

increased upon application of the HL phase (Figure 4a). The

effective PSI yield, Y(I), of wt cc-4533 and the flv mutants

did not differ significantly during the LL phases (Figure 4b).

Figure 3. Photosynthetic activity of the wild-type (wt) 137c, pgr5 and pgrl1 mutant cells grown under constant light (CL 20) for 7 days. The cells were transferred

to the Dual PAM-100 and subjected to sudden changes in actinic light intensity.

The effective yields of Photosystem II (PSII) (a), Photosystem I (PSI) (b), PSI donor-side limitation (c) and PSI acceptor-side limitation (d) were determined simul-

taneously. The values shown here are the mean of four biological replicates (�SD).
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However, upon application of HL, Y(I) of wt cc-4533

reduced only slightly, while the flv mutants demonstrated

a dramatic decline in Y(I). This was accompanied by a sev-

ere acceptor-side limitation of PSI, Y(NA), in the flv

mutants during the HL phase as compared with wt cc-4533

(Figure 4d). Accordingly, the flv mutants did not show any

significant donor-side limitation of PSI, Y(ND), while wt cc-

4533 did establish a low Y(ND) during HL (Figure 4c).

Moreover, the induction and relaxation of NPQ was slower,

therefore the NPQ peak was delayed during the HL phases

in the flv mutants, compared with the wt cc-4533 (Fig-

ure S3c). The low-temperature fluorescence emission

showed that the flv mutants grown in CL 20 were mostly in

state-2 compared with wt cc-4533 cells (Figure S4d).

Next we monitored fast P700 redox kinetics of dark-

adapted C. reinhardtii wt and mutant cells (cultivated

under CL 20) at the onset of light. The wt cc-4533 and wt

137c cells showed characteristic waves in P700 kinetics: a

fast P700 oxidation followed by its re-reduction and re-oxi-

dation during the first seconds of illumination (Figure 5).

The lack of a fast re-oxidation rise of the P700 signal is

another indicator of acceptor-side limitation of PSI, and

was observed previously in the flv1 and flv3 mutants of

Synechocystis (Helman et al., 2003; Allahverdiyeva et al.,

2013), and in A. thaliana, which naturally lacks FDPs (Il�ık

et al., 2017). Therefore, the fast re-oxidation rise, within 1

sec, has been attributed to the function of FDPs (Il�ık et al.,

2017). As expected, C. reinhardtii flv 208 and flv 321

mutant lines were missing the characteristic P700 re-oxida-

tion rise (Figure 5). Moreover, the P700 signal dropped

below its initial dark level and remained negative during

the 5 sec of illumination, presumably due to the accumula-

tion of reduced Fd in the absence of FDPs. A similar trend

was observed in the wt cc-4533 line under anoxic condi-

tions. This, together with the data demonstrating interac-

tion of Fdx1 and FLVB (Peden et al., 2013), strongly

suggests that the electron donor for FDPs is Fd rather than

NAD(P)H. Interestingly, the P700 re-oxidation rise was also

strongly reduced in pgr5, yet the pgrl1 mutant showed a

similar pattern to wt ccc 137c cells. This result suggests

Figure 4. Photosynthetic activity of wild-type (wt) cc-4533 (cw15 mt-), flv 208 and flv 321 mutant cells grown under constant light (CL 20, 20 lmol pho-

tons m�2 sec�1) for 7 days. The cells were transferred to the DUAL-K25 quartz glass cuvette and subjected to sudden changes in actinic light intensity.

The effective yields of Photosystem II (PSII) (a), Photosystem I (PSI) (b), PSI donor-side limitation (c) and PSI acceptor-side limitation (d) were detected simulta-

neously. The values shown here are the mean of three biological replicates (�SD).
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that the loss of PGR5 creates a fast acceptor-side limitation

in the mutant due to high electron traffic from Cyt b6f, or

that FDPs are not actively functioning in the Mehler-like

reaction in pgr5 lines.

Accumulation of photosynthetic and respiratory proteins

Immunoblot analysis of several proteins involved in photo-

synthesis and respiratory processes was performed on

C. reinhardtii wt 137c, pgr5 and pgrl1 cells grown for 7

days under CL 20 and FL 20/200 regimes. Accumulation of

proteins representing PSII (PsbA) and PSI (PsaA) com-

plexes did not differ significantly between pgr5, pgrl1 and

the wt 137c grown under the CL 20 condition (Figure 6a).

Both the pgr5 and pgrl1 mutants grown under the FL 20/

200 condition demonstrated a slight decrease in PsbA (D1)

amounts compared with wt 137c cells. The pgr5 mutant

showed a strong decrease in the amount of the PsaA

subunit of the PSI complex (~5 times less than wt),

whereas PsaA accumulation was unaffected in the pgrl1

line. However, the pgrl1 mutant demonstrated a strong

decrease in abundance of the Cyt f subunit of the Cyt b6f

complex, compared with wt 137c cells. This was observed

under both CL 20 and FL 20/200 conditions, and was more

pronounced under the latter condition (~half of the wt

137c). The pgrl1 results contrasted those of the pgr5

mutant, which did not show a substantial change in Cyt f

accumulation.

The PGRL1 protein was similarly accumulated in wt 137c

and pgr5 lines under CL 20 conditions, and a slight upregu-

lation of PGRL1 was observed in the pgr5 mutant under

the FL 20/200 condition (Figure 6a). The PGR5 protein was

not detectable in the membrane extracts of either the pgr5

or pgrl1 mutant cultures. Similar findings have been

reported previously for pgr5 and pgrl1 lines in A. thaliana

and C. reinhardtii (DalCorso et al., 2008; Johnson et al.,

2014). Nevertheless, it is possible that PGR5 in the pgrl1

mutant was below the limit of detection of immunoblotting

(Steinbeck et al., 2015) or not detected due to its accumula-

tion in soluble-form, without PGRL1 acting as an anchor-

protein. Unfortunately, in our experimental conditions the

a-PGR5 antibody did not recognize the PGR5 protein in

whole-cell extracts of C. reinhardtii, therefore we were

unable to verify the possibility of free-form PGR5 in the

pgrl1 mutant. It is worth mentioning that the wt level pgr5

transcript observed in the pgrl1 mutant (Table S1) sup-

ports the presence of free-form PGR5 protein in the pgrl1

mutant. In the pgr5 mutant, the PGRL1 protein was accu-

mulated to wt levels. The accumulation of the chloroplastic

NDA2, involved in PGR5-independent CET, was not

affected in pgr5 under CL 20 or FL 20/200. However, the

NDA2 protein was slightly downregulated in pgrl1 under

the FL 20/200 regime.

Light-harvesting complex stress-related protein 3

(LHCSR3), which is known as the effector protein of qE, the

fastest component of NPQ, was barely detectable in both

mutants grown under the CL 20 regime. However, under

the FL 20/200 condition, pgrl1 accumulated about 30% of

LHCSR3 observed in the wt 137c cells, whereas LHCSR3

was still lacking in pgr5. This finding is in line with NPQ

data (Figure S3a and b) showing that pgr5 cannot create

NPQ and that pgrl1 has a reduced NPQ as compared with

wt 137c.

Proteins located downstream of PSI were mostly upreg-

ulated under CL 20 conditions in pgr5 and pgrl1 (Fig-

ure 6a). FDX1 (PETF), a major ferredoxin in chloroplasts

shuttling electrons between PSI and FNR, was greatly

upregulated in both mutants relative to wt 137c under CL

20, whereas under FL 20/200, levels were only slightly

higher. RuBisCo (RbcL) was upregulated in pgr5 grown in

CL 20, and an even higher level was observed in FL 20/200

grown cells. However, RbcL was slightly downregulated in

Figure 5. P700 oxido-reduction kinetics at onset of light. The wild-type (wt)

137c, pgr5, pgrl1, wt cc-4533, flv 208 and flv 321 lines were grown under

constant light (CL 20), and dark-acclimated for 45 min prior to the experi-

ment. The black arrow indicates switching on light (1000 lmol pho-

tons m�2 sec�1). The curves are representative of four biological replicates.
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the pgrl1 mutant grown in CL 20 conditions but slightly

upregulated under FL 20/200 conditions. The FLVA and

FLVB proteins were upregulated in pgrl1 (Figure 6a) and

pgr5 grown under CL 20. The situation was different in the

mutant cells grown under FL 20/200 illumination. Both

mutants demonstrated FLVA levels that did not differ from

wt 137c, and FLVB levels were actually slightly lower than

those in wt 137c cells. This decrease of FDPs under condi-

tions causing elevated redox-pressure has previously been

reported in Dang et al. (2014) and is explained by the stim-

ulation of the true Mehler-reaction, where electrons are

shuttled to O2 directly from PSI.

Next we studied other O2-consuming pathways that

could function as an electron exit in the cell. The FeSOD

accumulation was not altered in the pgr5 mutant, but was

downregulated in pgrl1 under both illumination conditions.

The increase in accumulation level of COXIIb strongly sug-

gests that the mitochondrial respiration capacity is

increased in both mutants under the CL 20 condition.

Under FL 20/200, the upregulation of COXIIb was less pro-

nounced in pgr5, and there was no upregulation in pgrl1

as compared with wt 137c.

Because the flv mutants did not grow at all under FL 20/

200 conditions, only the mutant cells grown in CL (CL 20)

were subjected to immunoblotting analysis. PSII (PsbA)

and PSI (PsaA) core proteins and RbcL were similar or

slightly upregulated in the flv mutant compared with the

wt cc-4533, whereas Cyt f was downregulated (Figure 6b).

However, and as opposed to the pgr5 and pgrl1 mutants,

the accumulation of FDX1 was not significantly altered.

The lack of FDPs affected other O2-consuming processes,

with FeSOD and COXIIb demonstrating increased accumu-

lation in the flv mutants. Contrasting the results of pgr5

and pgrl1 cells grown at CL 20, the LHCSR3 level was ele-

vated in the flv mutants. This is in line with the results

showing similar NPQ induction in the flv and wt cc-4533

cells during HL phases (Figure S3c). The CET-related pro-

tein NDA2 did not change its accumulation level. Interest-

ingly, PGR5 and PGRL1 were differently regulated in the flv

cells; PGR5 increased, whereas PGRL1 slightly decreased

during the growth at CL 20 (Figure 6b).

To understand the mechanistic basis behind the differ-

ent responses of pgr5 and pgrl1 to FL 20/200, we profiled

the wt 137c and mutant transcriptomes using next-genera-

tion RNA sequencing (RNAseq) analysis. Genes that were

differentially expressed a minimum of log2 fold (P < 0.05)

in the mutants compared with the control were collected

and evaluated for possible roles in FL 20/200 response. The

pgr5 cells displayed 31 down- and 38 upregulated (total 69)

genes compared with the control (Table S1), whilst the

pgrl1 mutation led to the downregulation of 26 and upreg-

ulation of 38 genes from a total of 64 (Table S1). Among

the differentially expressed transcripts, 19 were categorized

as ‘hypothetical’ or ‘unknown’ in pgr5, and nine in the

pgrl1 mutant. No significant changes were observed in the

pgr5 transcript abundance in the pgrl1 mutant, and vice

versa. Importantly, only eight genes were commonly regu-

lated in pgr5 and pgrl1 mutants compared with the control

cells. No commonly regulated photosynthesis genes were

identified in pgr5 and pgrl1.

Deletion of pgr5 resulted in a coordinated downregula-

tion of photosynthesis-related genes, including the PSAH

subunit of PSI complex. Moreover, the LHCBM9, LHCBM7

and LHCBM6 genes, which are known to be redox-regu-

lated by the NAB1 repressor protein (Wobbe et al., 2009),

were downregulated. These genes are part of the

Figure 6. Immunoblot analysis of selected proteins

from Chlamydomonas reinhardtii wild-type (wt)

and mutant lines.

(a) The wt 137c, pgr5 and pgrl1 mutant lines were

grown under constant illumination (CL 20, 20 lmol

photons m�2 sec�1) or fluctuating light conditions

(FL 20/200, 5 min, 20 lmol photons m�2 sec�1/

30 sec, 200 lmol photons m�2 sec�1).

(b) wt cc-4533, flv 208 and flv 321 cells were grown

at CL 20 for 7 days. The western blots shown here

are representative of at least three biological repli-

cates.
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photosynthesis-associated nuclear genes (PhANG) expres-

sion system. Interestingly, CURT1, which is an evolutionar-

ily conserved family of proteins that oligomerize thylakoid

membranes, (Armbruster et al., 2013; Heinz et al., 2016),

was downregulated, suggesting a possible modification of

the thylakoid architecture in the pgr5 mutant. Indeed,

transmission electron microscopy (TEM) of the FL 20/200

grown cells revealed a less curved and looser thylakoid

architecture in pgr5 compared with wt 137c and pgrl1

(Figure S5).

Contrasting pgr5 results, the pgrl1 mutant demonstrated

an upregulation of several photosynthesis-related genes

(Table S1). The transcript abundance of genes encoding

FDX1; PETM, a nuclear-encoded Cyt b6f subunit presum-

ably functioning in signalling (Schneider et al., 2001); and

FAO5, coding for a lycopene-b-cyclase involved in carote-

noid synthesis, were upregulated. Of the genes involved in

carbon metabolism, FBA3 was upregulated in both pgr5

and pgrl1 mutants compared with the control. However,

the TEM showed reduced pyrenoid formation in pgr5 cells

under FL 20/200 conditions, unlike in wt 137c and pgrl1

lines (Figure S5).

Differently to pgr5, the pgrl1 mutant showed less regula-

tion of PhANG type genes. This correlates with the avail-

ability of other compensatory mechanisms to generate the

proton gradient and reduce the PSI acceptor-side limitation

under FL. Indeed, another mitochondrial gene encoding

prohibitin, which is involved in mitochondrial biogenesis

and protection against stress (Ahn et al., 2006), was highly

upregulated, providing support for compensation mecha-

nisms at the level of respiration (Dang et al., 2014).

DISCUSSION

Organisms performing oxygenic photosynthesis use solar

energy and water to produce reducing equivalents and

ATP in the thylakoid membrane needed for driving CO2

assimilation and cell metabolism. Sudden exposure of

these organisms to HL intensities leads to a build up of

excess electrons on the redox carriers of the thylakoids

producing undesired side products, like ROS, which have a

signalling role (Foyer and Noctor, 2009), but also a poten-

tial to lead to photodamage. In order to maintain balanced

light absorption and energy utilization under HL condi-

tions, photosynthetic organisms have developed photopro-

tective mechanisms and efficient electron sinks.

Particularly in aquatic environments, photosynthetic

microorganisms experience drastic fluctuations in light

intensity due to the lens effect of waves, shading caused

by clouds and turbulences (Iluz et al., 2012). Consequently,

the photosynthetic apparatus of aquatic phototrophs

requires rapid fine-tuning. It has been demonstrated that

FDPs are responsible for survival under FL in cyanobacteria

(Allahverdiyeva et al., 2013), P. patens (Gerotto et al.,

2016) and in C. reinhardtii (Chaux et al., 2017a). In contrast,

in A. thaliana, which lacks the genes encoding FDPs (Pel-

tier et al., 2010; Allahverdiyeva et al., 2015a), the PGR5 pro-

tein safeguards the photosynthetic apparatus (Tikkanen

et al., 2010; Suorsa et al., 2012; Tiwari et al., 2016). Unlike

cyanobacteria or flowering plants, the green alga C. rein-

hardtii and mosses possess the genes encoding all three

proteins proposed to be involved in FL photoprotection:

FDPs, PGR5 and PGRL1. It has been shown that in C. rein-

hardtii PGRL1 is involved in photoprotection under FL

(Dang et al., 2014). The functional interplay of all these

three proteins has not been studied before. In this study,

independently from Chaux et al. (2017a), we performed a

comparative analysis of C. reinhardtii flv, pgr5 and pgrl1

knockout mutants to evaluate the relative impact of these

alternative electron pathways in photoprotection under FL.

The obtained data demonstrate that all three proteins of

C. reinhardtii are important for survival under FL, but to

differing extents. The cells lacking functional FDPs are

unable to survive under mild FL 20/200 light, while the

pgr5 knockout mutant grows under such conditions but at

a lower rate (Figure 1). The growth of the pgrl1 mutant is

affected only under very harsh FL conditions, i.e. FL 20/

600.

FDPs provide a fast and strong electron sink during the

first seconds after the onset of HL and contribute to the

rapid induction of NPQ in C. reinhardtii

The function of the Flv1(A) and Flv3(A) proteins in

cyanobacteria (Synechocystis and Anabaena; Allahver-

diyeva et al., 2013) and the FLVA and FLVB proteins in the

moss P. patens (Gerotto et al., 2016) and in C. reinhardtii

(Chaux et al., 2017a) as an electron sink is most prominent

during the shift from LL to HL within a time range of min-

utes. In this study, we used P700 redox kinetics to observe

the rapid functioning of FDPs in dark-adapted cells as elec-

tron sink downstream of PSI (Figure 5). The flv mutants of

C. reinhardtii show a complete block of the PSI acceptor-

side during the HL phase of the FL 20/200 light (Figure 4d),

suggesting that FDPs are responsible for rapidly capturing

the majority of the electrons leaving PSI during the first

seconds of a HL phase. We therefore propose that in

C. reinhardtii FDPs work as immediate electron sink, oper-

ating before any other electron transport route and reliev-

ing the sudden HL-induced electron pressure. In line with

this, the high accumulation of FLVA and FLVB proteins in

the pgrl1 mutant grown under CL 20 conditions is accom-

panied by low PSI acceptor-side limitation, Y(NA), during

HL phases (Figure 3d). This also confirms that C. rein-

hardtii FDPs can increase their O2 photoreduction capaci-

ties under HL intensities, similar to cyanobacterial FDPs

(Allahverdiyeva et al., 2013).

The question arises why the PGR-mediated pathway

cannot replace the lack of FDPs under FL conditions. Per-

haps the main reason is the difference in the induction
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time between the FDP-mediated electron sink and the PGR-

mediated process. Activity of CET is modulated by the

availability of Ca2+ (Terashima et al., 2012) and redox-con-

trolled (Takahashi et al., 2013) via the thioredoxin (TRX)

system (Hertle et al., 2013). The switch to a high CET-state

under oxic conditions is likely to be slower, as the activa-

tion of PGRL1 (PGRL1 homodimer to monomer conver-

sion) by TRX demands high levels of reduced Fd, possibly

requiring several seconds at the onset of HL illumination

(Hertle et al., 2013). FDPs, however, function as a rapid

electron sink, interacting with the substrate, presumably

reduced Fd, within a second.

It is important to note that FDPs trigger a safe water–wa-

ter cycle, without intermediate ROS production (Vicente

et al., 2002), which contributes to the generation of pmf at

the onset of the HL illumination (Allahverdiyeva et al.,

2013; Gerotto et al., 2016; Chaux et al., 2017a). Acidifica-

tion of the lumen in turn activates another important pho-

toprotective process, qE, which dissipates excess light

energy (Horton et al., 1994; M€uller et al., 2001; Niyogi and

Truong, 2013). In green algae, LHCSR3 (Peers et al., 2009)

and PsbS (Correa-Galvis et al., 2016) are the major qE

effectors mediating energy dissipation under environmen-

tal stresses like HL and also nutrient starvation (Finazzi and

Minagawa, 2015). Indeed, NPQ induction is delayed in the

flv mutants during HL phases (Figure S3c), even though

the flv mutants accumulate LHCSR3 at similar levels to wt

cc-4533 (Figure 6b). This could indicate that, in the flv

mutants, the generation of DpH is only slowed down in the

beginning of the HL phase, but can reach higher levels

after other processes like PGRL1-Fd-mediated CET begin

functioning. Indeed, Chaux et al. (2017a) showed that after

3 min of illumination the NPQ of the flv mutant reached wt

levels.

The PGR5 and PGRL1 proteins do not have a univocal

relationship

In A. thaliana, PGRL1 has been proposed to function both

as FQR and as a redox sensor (Hertle et al., 2013). This

may happen in cooperation with PGR5, as PGR5 can inter-

act with PGRL1 in a redox-dependent manner. However,

PGRL1 is also stable in the absence of PGR5 (DalCorso

et al., 2008; Hertle et al., 2013; Johnson et al., 2014). The

interaction of PGRL1 and PGR5 possibly enhances PGRL1-

Fd-mediated CET under certain conditions, i.e. anoxia, in

C. reinhardtii. Furthermore, it was shown that PGR5 and

PGRL1 are directly or indirectly involved in the attachment

of FNR to the thylakoid membrane and, thus, have an

effect on the modulation of electron transport downstream

of PSI (Mosebach et al., 2017). The pgr5 mutant of C. rein-

hardtii has phenotypic characteristics that are nearly identi-

cal to the characteristics shown for pgrl1 (Petroutsos et al.,

2009; Tolleter et al., 2011; Johnson et al., 2014). Neverthe-

less, there are several conditions when a significant

difference between the pgr5 and pgrl1 mutants has been

observed. In C. reinhardtii PGRL1 has been shown to be

involved in CET under oxic and anoxic conditions (Tolleter

et al., 2011; Terashima et al., 2012), whereas the possible

involvement of PGR5 in CET has been demonstrated only

under anoxic conditions or in oxic conditions in specific

mutants, like RuBisCO-less mutants, experiencing strong

acceptor-side limitation (Alric, 2014; Johnson et al., 2014).

Under oxic conditions, the similar CET rates in the wt and

pgr5 mutant lines (Johnson et al., 2014) suggest that

NDA2-mediated CET could be the dominant route and that

PGR5 is not an essential part of the PGRL1-Fd-mediated

CET under normal oxic conditions (Alric et al., 2010).

Our data demonstrate significant differences between

the pgr5 and pgrl1 mutants under a FL regime. The pgr5

mutant is impaired in growth under FL 20/200 where the

pgrl1 mutant is able to grow in a similar manner to wt

137c (Figure 1). Moreover, the photosynthetic performance

of pgr5 is strongly affected (Figure 2), even under CL 20

conditions (Figure 3). The strong phenotype observed for

pgr5 cannot be simply attributed to the lack of PGRL1-Fd-

mediated CET, as the pgrl1 mutant can cope with mildly FL

(FL 20/200) in a similar way to wt 137c cells (Figures 1 and

2). Unchanged NDA2 levels in the pgr5 and pgrl1 mutants

compared with wt 137c (Figure 6a) suggest that the NDA2-

mediated CET probably does not compensate for the loss

of these proteins.

In pgrl1, a high accumulation of FDPs and downregula-

tion of Cyt f safeguards the PSI complex from sudden

changes in light intensities (Figure 6a). During the HL

phase applied to the pgrl1 mutant grown at CL 20, limited

electron transport from Cyt b6f creates a stronger PSI

donor-side limitation (Figure 3c), and a strong FDP-

mediated electron sink eliminates the PSI acceptor-side

limitation (Figure 3d). During growth in FL 20/200, the

pgrl1 cells accumulate relatively lower levels of FDPs as

compared with CL 20 grown cells. Subsequently, applica-

tion of a HL phase induces slightly higher PSI acceptor-side

limitation, Y(NA), compared with the wt 137c. It is likely

that under more challenging conditions (FL 20/600), the

pgrl1 cells are unable to balance the photosynthetic elec-

tron transport via PSI, resulting in strongly compromised

growth (Figure 1).

In contrast to pgrl1, the pgr5 mutant accumulated Cyt f

at levels similar to that of the wt 137c (Figure 6a). The pgr5

mutant has no donor-side limitation but large acceptor-

side limitation (Figures 2c and 3c), suggesting that without

PGR5, C. reinhardtii is unable to induce strong photosyn-

thetic control, and consequently cannot adjust the electron

pressure at the donor-side of PSI. It is striking that whilst

FDPs are present in pgr5 under both growth conditions

(Figure 6a) and their O2 photoreduction activity seems to

be higher than in wt (Steinbeck et al., 2015), apparently

FDPs are still not able to provide enough strong sink to
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overcome the strongly elevated electron traffic to PSI and

oxidize P700 as rapidly as in wt or pgrl1 (Figure 5). How-

ever, a recent study demonstrated that the heterologous

expression of P. patens FDPs in the A. thaliana pgr5

mutant at least partially rescued the phenotype (Yama-

moto et al., 2016). Nonetheless, it is highly possible that

the regulatory mechanisms are different in A. thaliana,

which does not naturally possess genes encoding FDPs. It

is possible that the activity of FDPs in their endogenous

environment is redox-controlled via one or two fully con-

served cysteines and four cysteines that are conserved

either in the FLVA or FLVB cluster (Figure S6). Such a

redox regulation of FDPs may be disturbed in the pgr5

mutant, which exhibits a more reduced status of the stro-

mal components under FL 20/200 (Figure S4c).

Unlike pgrl1, which accumulated low levels of LHCSR3

compared with the wt 137c (Figure 6a; Tolleter et al.,

2011), pgr5 either completely lacked (CL 20) or accumu-

lated only trace amounts (FL 20/200; Figure 6a) of LHCSR3.

In addition, pgr5 demonstrated decreased levels of the

LHCSR3 transcript at the FL 20/200 conditions (Table S1).

This was reflected in a deficiency of NPQ induction during

the HL phases (Figure S3a). The fact that the LHCSR3 level

is higher in pgrl1 but not in pgr5 supports the stronger

phenotype observed in pgr5, and suggests somewhat com-

plementary mechanisms of LHCSR3 and PGRL1 (Kukuczka

et al., 2014; Chaux et al., 2017b). The accumulation of

LHCSR3 in C. reinhardtii is controlled by a blue-light pho-

toreceptor under HL conditions (Petroutsos et al., 2016)

and requires active photosynthesis (Petroutsos et al., 2011;

Maruyama et al., 2014). Additionally, Ca2+ signalling via

CAS is critically involved in the regulation of the HL

response, particularly in the control of LHCSR3 expression

(Petroutsos et al., 2011). Although the cas transcript level

Figure 7. Schematic presentation of photosynthetic and alternative electron transport showing the occurrence of events during a shift from low-light (LL) to

high-light (HL) in Chlamydomonas reinhardtii. Linear electron transport (LET) from H2O to NADP+ is marked by black arrows. The cyclic electron transport (CET)

around Photosystem I (PSI), via the PGRL1-Fd-mediated pathway, is specified by red arrows. Blue arrows specify the O2 photoreduction processes, mediated by

flavodiiron proteins (FDPs) or the true Mehler-reaction. The latter depends on O2 reduction at PSI, and the resulting reactive oxygen species (ROS) is scavenged

by the superoxide dismutase (FeSOD) and ascorbate peroxidase (APX). FDPs mediate the direct reduction of O2 to H2O without the production of ROS, using

reduced Fd as a donor. CET and the O2 photoreduction processes contribute to the generation pmf. When C. reinhardtii cells undergo a sudden increase in light

intensity, several processes are brought into motion at different time-scales. Our data suggest that FDPs form a strong and rapid (within 1 sec) electron sink,

working immediately at the onset of HL (Figure 5). This process supports LET and contributes to the total pmf (2). The increase of DpH is necessary to induce

other photoprotective mechanisms like the photosynthetic control of Cyt b6f and the induction of light-harvesting complex stress-related protein 3 (LHCSR3) and

PsbS that in turn dissipate excess energy at Photosystem II (PSII) as qE of non-photochemical quenching (NPQ) (3). As a next step, the activity of PGRL1-Fd-

mediated CET is enhanced and contributes further to pmf (4). At this point, PGRL1-Fd-mediated CET possibly also replaces FDPs as the major AEF pathway. To

balance pmf, ion channels in the thylakoid membrane either release cations (e.g. K+, Mg 2+ or Ca2+) into the stroma or transport anions (e.g. Cl�) into the lumen

(5). A high electric potential (DΨ) would increase the probability of charge recombination and subsequently lead to photoinhibition (Davis et al., 2016). After an

extended period of HL (several min), ROS production at PSI leads to the activation of the true Mehler-reaction and subsequent water–water cycle (6), detoxifying

ROS from the chloroplast and ultimately making FDPs redundant as electron sink. Furthermore, the reduced PQ-pool leads to the activation of the Stt7 kinase

that phosphorylates LHCII, resulting in state-2 transition (7).
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in the pgr5 mutant is not significantly altered (Table S1),

we cannot exclude the possibility that the lack of PGR5

effects the Ca2+/CAS-dependent signalling, which in turn

results in downregulation of the LHCSR3 expression. In

future experiments, the pgr5pgrl1 double mutant should

be employed to fully confirm the nature of the different

roles of PGR5 and PGRL1 under FL conditions.

In conclusion, our results provide compelling evidence

for the fact that all three proteins, the FDPs, PGRL1 and

PGR5 proteins, contribute to the survival of cells under FL,

but to varying extents. The FDPs, PGRL1 and PGR5 path-

ways operate on different time-scales in the photoprotec-

tion of C. reinhardtii under FL. The presence of FDPs in the

absence of PGR5, or the presence of PGR5 and PGRL1 in

the absence of FDPs, is not sufficient to rescue the C. rein-

hardtii cells under harsh FL conditions. This situation sug-

gests a clearly distinguishable, yet close, relationship

between the function of the PGR5, PGRL1 and FDP proteins

in photoprotection (Figure 7).

EXPERIMENTAL PROCEDURES

Chlamydomonas reinhardtii cells and growth conditions

The C. reinhardtii mutant strain pgrl1, its progenitor wt 137c and
the pgr5 mutant, its progenitor wt 137c and pgr5 complemented
strains were previously characterized (Dang et al., 2014; Johnson
et al., 2014). The wt cc-4533 and FDP mutant lines, flv 208
(LMJ.RY0402.242208), flv 308 (LMJ.RY0402.229308) and flv 321
(LMJ.RY0402.052321) were purchased from the Chlamydomonas
Research centre (www.chlamylibrary.org; Li et al., 2016).

The C. reinhardtii wt strains and mutant lines were maintained
under photoheterotrophic conditions in Tris/Acetate/Phosphate
(TAP) medium (Gorman and Levine, 1965) at ambient air at 25°C
under a continuous light intensity of 50 lmol photons m�2 sec�1

and under agitation (90 rpm). For preparing experimental C. rein-
hardtii cultures, the cells were harvested at OD750 = ~1.2, trans-
ferred to high-salt medium (HSM; Sueoka, 1960), diluted to
OD750 = ~0.1 and cultivated photoautotrophically at ambient air
and 25°C for 7 days at a continuous light intensity of 20 lmol pho-
tons m�2 sec�1 (CL 20), or at FL where 20 lmol pho-
tons m�2 sec�1 background light was interrupted every 5 min by
30-sec HL pulses with an intensity of 200 lmol photons m�2 sec�1

(mild FL, FL 20/200) or 600 lmol photons m�2 sec�1 (harsh FL, FL
20/600). The pgr5 and pgrl1 mutants originate from slightly differ-
ent wt background; both strains belong to 137c ancestry; however,
they have been cultivated for several decades separately. Growth
analysis and comparison of several photosynthetic parameters of
the cells growing in CL 20 and FL 20/200 conditions did not reveal
a strong difference between the two wt 137c lines (Figure S7).
Therefore, we selected the progenitor of pgr5 as a reference strain
for further analysis.

Immunoblot analysis

Total and membrane proteins were extracted, loaded on total pro-
tein basis, separated and immunoblotted as described in Jokel
et al. (2015). For determination of PGR5, PsbA and PsaA proteins
the membrane fractions were used. The antibodies against PSII
(PsbA), PSI (PsaA), Cyt b6f complex (Cyt f), FDX1, LHCSR3,
Rubisco (RbcL), FeSOD and COXIIb were purchased from Agrisera,

Sweden. The PGR5 antibody was created by using an A. thaliana
PGR5 peptide antigen (CDAKQRQGLIRLAKKNGER-NH2) conju-
gated with keyhole limpet haemocyanin (Agrisera, Sweden). As a
secondary antibody, anti-rabbit horseradish peroxidase was used
and visualized with ECL.

Fluorescence and P700 measurement with Dual-PAM 100

The Dual-PAM-100 fluorometer (Walz, Germany) and DUAL-K25
quartz cuvette were used for the simultaneous measurements of
PSII and PSI parameters in vivo, based on Chl a fluorescence and
the P700 absorbance changes (difference of intensities of 875 and
830 nm pulse-modulated measuring light reaching the photodetec-
tor), respectively (Baker, 2008; Klughammer and Schreiber, 2008).
Before the measurements, the cells were transferred into fresh
HSM and the Chl a+b concentration was adjusted to ~5 lg mL�1.
The cells were kept in the dark for 2–3 min before the FL-mimicking
experiments. For mimicking FL with the DUAL-PAM-100, the actinic
light intensity of 22 lmol photons m�2 sec�1 was disrupted every
5 min with 30 sec HL intensity of 210 lmol photons m�2 sec�1.
The following PSII and PSI parameters were determined: the maxi-
mum quantum yield of PSII, Fv/Fm = (Fm � F0)/Fm; the effective
PSII yield under actinic light, Y(II) = (Fm’ � F)/Fm’; the non-photo-
chemical quenching, NPQ = (Fm � Fm’)/Fm’; the effective PSI yield
under actinic yield, Y(I) = 1 � Y(ND) � Y(NA); the acceptor-side
limitation of PSI, Y(NA) = (Pm � Pm’)/Pm; and the donor-side limi-
tation of PSI, Y(ND) = P/Pm. P represents P700+ signal under actinic
light. The maximum oxidizable P700, the Pm value, was measured
by application of a saturating white-light pulse (4000 lmol pho-
tons m�2 sec�1, duration 500 msec) on far-red light (75 W m�2)
background. The saturating pulse was regularly applied to measure
the maximum fluorescence (Fm’) and maximum oxidizable P700
(Pm’) during actinic light illumination. For the calculation of Fv/Fm,
the minimum (F0) and maximum fluorescence (Fm) in the dark-
adapted state were measured from cells kept for 45 min in dark-
ness. For detection of the fast kinetics of the P700 oxido-reduction,
100 lg cells were filtered onto glass fibre discs (Millipore, USA)
and dark-adapted for 45 min. The P700 signal was recorded by illu-
mination with 1000 lmol photons m�2 sec�1 actinic light for 5 sec.
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